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Outline

A Motivation and general divertor background

A Non-resonant divertor (NRD) description as a resilient divertor
A Examine complex plasma edge topology in HSX [1]

A Assess plasma edge transport in HSX for detachment access

A Conclusions and open questions

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
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Outline

A Motivation and general divertor background

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
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Motivation

Future fusion pilot plants face substantial technical limits
A For fusion reaction to occur, requires temperatures >10 keV
A D-T reaction releases 17.6 MeV

A Plasma wall-interaction (PWI) is unavoidable

A ITER divertor heat load limit is 10-20 - 7 ¥

[1] T.S. Pedersen et al Phys. Plasmas 24, 055503 (2017)

A Optimized stellarator configurations need a stable divertor solution
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Why do we need divertors?

: Z
Divertor purpose: A 0
o e
A Power dissipation MR

Neutral particle exhaust
SOL

A
A Reduction of impurity production and impurity screening
A

Helium exhaustief usi on Aasho removal

A Desirable plasma regime in the divertor region: detachment .
Separatrix

(LCFS)

Target
Adapted from Y. Feng et al 2006 Nucl. Fusion 46 807
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Resonant divertors

A Island divertor constructed in Wendelstein 7-X (W7-X) in Germany

A Divertor targets made to intercept island

A Island divertor is sensitive to changes in island size and location A alters location of heat and particle flux on target

a.) b.)

Magnetic
islands

Plasma core

Plasma edge

vertical target
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O. Schmitz et al 2021 Nucl. Fusion 61 016026
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Non-resonant divertors (NRD)

Z[m]

03 9=0° 10kA 102 A A promising optimized stellarator configurations require
significant equilibrium changes as plasma pressure is built up
(self-generated bootstrap current)
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A Magnetic structure is not reliant on major edge
resonance for divertor

0.0

=
<
Connection Length [m]

A Previous work focused on theoretical description of NRDs to
assess chaotic magnetic structures outside the LCFS [1]

—0.11

—0.21

10° A Resulting field line intersection pattern on the wall (strike
| i ne/ point pattern) is Aresi
configurations [2]

-0.3

0.5 0.6 0.7 0.8 0.9 1.0
R [m]

[3] K.A. Garcia et al 2023 Nucl. Fusion 63 126043

[1] A. Punjabi and A.H. Boozer Phys. Plasmas 29, 012502 (2022)
[2] A. Bader et al Phys. Plasmas 24, 032506 (2017)
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Outline

A Examine complex plasma edge topology in HSX [1]
A Simulate magnetic footprint with a lofted vessel wall across different edge magnetic configurations

A Introduce new metric for further quantifying PWI

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
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Helically Symmetric eXperiment

A HSX is quasi-helically symmetric (QHS)
stellarator

A major radius: 1.2m
A minor radius: 0.12m
A 4-fold symmetry

Lofted wall

' LCES

A Determine plasma edge structures guiding
heat and particle flux

A Examine 2 magnetic configurations by
altering current in coils

A Simulate with lofted vessel wall [1] to add
physical space for divertor studies
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Edge features scanned across rotational transform
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A Rotational transform calculated up to LCFS

A Consider different magnetic structure and
examine field line interaction with wall

A QHS standard configuration features 8/7 island
chain in the edge

A Large Island features smallest plasma volume
and 4/4 island chain in the edge
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Field Line Tracer: FLARE

A Field line following with Field Line Analysis and
Reconstruction Environment (FLARE) [1] requires
magnetic field and boundary representation

A Characterize magnetic structure in the plasma edge

A Launch field lines near plasma-facing components
(PFC) to examine PWI

A Less computationally expensive proxy of heat and
particle flux deposition (regions with long ;)

[1] H. Frerichs 2024 Nucl. Fusion 64 106034
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Field Line Tracer: FLARE

A Field line following with Field Line Analysis and
Reconstruction Environment (FLARE) [1] requires
magnetic field and boundary representation

A Characterize magnetic structure in the plasma edge

A Launch field lines near plasma-facing components
(PFC) to examine PWI

A Less computationally expensive proxy of heat and
particle flux deposition (regions with long ;)

A Mesh generation capability for EMC3-EIRENE [2]
(Monte Carlo plasma edge fluid code coupled to a
kinetic neutral code discussed later)

A A compare FLARE results with EMC3 -EIRENE heat
flux deposition

[1] H. Frerichs 2024 Nucl. Fusion 64 106034
[2] Y. Feng et al 2004 Contributions to Plasma Physics 44 571 69
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Island location and size varies between cases and features
chaotic substructures

QHS

Large Island

12

135 1.40 1.45
R [m] EFTC Aix-en-Provence, France i September 24th, 2025

102

Le [m]

10t

10°

103

102

Lc [m]

10!

10°

A Simulated O shows different magnetic structures
with high 0 in the plasma edge guiding heat and
particle flux on PFC

A QHS edge features 8/7 island chain with collimated
flux tubes extending toward wall and main plasma

A Large island shows open field lines around 4/4
I sl and | ocat i oilke Configusatiom n d
due to island interaction with wall)

A Different toroidal locations of wall may intercept
magnetic structures more or less deeply
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Magnetic footprint near lofted wall is resilient

13

QHS

© [deg]
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45

,102

10!

169

,103
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Field lines sampled on high resolution mesh
~0.5 cm inward of the lofted wall for half-field
period %N TCHT 6

Long 0 (yellow) align with expected strike
points as a proxy of heat and particle flux

Low 0 (red-black) are far SOL field lines

Previous results indicated did not
contribute to resilient strike line [1]

Differences across the configurations are due to
the different structures (such as islands) in edge
connecting to PFC

[1] A Bader et al Phys. Plasmas 24, 032506 (2017)
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Field line behavior outside the LCFS for NRDs follows a @
W

power law relationship

A Field lines with the most transits tend to be closest to the

LCFS and these trajectories are often interacting with cantori Field lines outside LCFS in Hamiltonian model
(transport barriers) [1] ‘fa. S (=0
A Description follows [1,2,3]: L
A Consider: probability 0 that field line escapes and strikes : A
PFC A increases with radial separation ™ from LCFS - -
Q o} -
: ¥ >
A Probability that a field line will escape: 0 © (—) P \\A
A 1 toroidal flux enclosed by cantorus 2r
A 1 flux enclosed by LCFS
1 S 1 1 1
X = 0 4
x/b

Adapted from [3]

[1] A.H. Boozer Phys. Plasmas 32, 042509 (2025)
[2] A.H. Boozer and A. Punjabi Phys. Plasmas 25, 092505 (2018)
[3] A. Punjabi and A.H. Boozer Phys. Plasmas 29, 012502 (2022)
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Field line behavior outside the LCFS for NRDs follows a @
W

power law relationship

A Field lines with the most transits tend to be closest to the

LCFS and these trajectories are often interacting with cantori Field lines outside LCFS in Hamiltonian model
(transport barriers) [1] ‘fa. S (=0
A Description follows [1,2,3]: L
A Consider: probability 0 that field line escapes and strikes : A
PFC A increases with radial separation ™ from LCFS - -
Q of -
- >
A Probability that a field line will escape: & © (—) | ol
A 1 toroidal flux enclosed by cantorus 2r
A 1 flux enclosed by LCFS
4 ) L PR lSl | - L | - L 1
. . . ” -4 =9 0 2 4
A Number of transits of the field line 0 © — x/b
6 0 ( ) Adapted from [3]

[1] A.H. Boozer Phys. Plasmas 32, 042509 (2025)
’Q C [2] A.H. Boozer and A. Punjabi Phys. Plasmas 25, 092505 (2018)
[3] A. Punjabi and A.H. Boozer Phys. Plasmas 29, 012502 (2022)
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Field line behavior outside the LCFS for NRDs follows a

power law relationship

A Field lines with the most transits tend to be closest to the
LCFS and these trajectories are often interacting with cantori
(transport barriers) [1]

A Description follows [1,2,3]: . -
A Consider: probability 0 that field line escapes and strikes A Use connection length § as
PFC A increases with radial separation ™ from LCFS parallel length scale for = ¢

B A Can we calculate a radial
A Probability that a field line will escape: & © (—) separation distance from the
LCFS and relate to < 2

A T toroidal flux enclosed by cantorus
A 1 flux enclosed by LCFS

A Number of transits of the field line O © -

[1] A.H. Boozer Phys. Plasmas 32, 042509 (2025)
’Q C [2] A.H. Boozer and A. Punjabi Phys. Plasmas 25, 092505 (2018)
[3] A. Punjabi and A.H. Boozer Phys. Plasmas 29, 012502 (2022)
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Minimum distance to LCFS: min( )

A Introduce a metric to understand radial
penetration of field line trajectories starting
near the wall

A A Radial penetration helps connect how
interior plasma is connected to the PFC

A min{ ) is minimum distance of field line to
the LCFS

A Each configuration has different LCFS

W\ f College of Engineering
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Map of min( ) near lofted wall is also resilient

A min{ ) simulated for field lines launched on
same mesh as magnetic footprint

© [deg]

QHS

min(&y) [m]

A Regions of high 0 associated with field lines
with min( ) 1@®cm (closest penetration to

LCFS)

A Plots look very similar to one another and highly
resemble magnetic footprint

A Basic metrics calculated in the plasma edge
show qualitatively similar features near the
vessel wall across different configurations

© [degq]
(6n) [m]

Large Island

min

0.050

0.001
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Connection Length at ¢ =5°

© [deg]

— QHS

275
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A Sofar,0 andi E{ ) areinversely

related

Follow field lines longer on higher
resolution mesh in narrow strike line region
to study differences in topological
structures

%o UL* (dashed white line) shown for a
limited poloidal range (white box)
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O [deg]
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O [deg]

20

0.150

0.100

0.050

‘0.001

min(6y) [m]

Connection Length at ¢ =5°

A Sofar,0 andi E{ ) areinversely

10° oS related
103 - - -
A Follow field lines longer on higher
102 resolution mesh in narrow strike line region
N to study differences in topological
10° structures
10° o z : :
A %o u* (dashed white line) shown for a
Lo . Radial Connection at ¢ =5° limited poloidal range (white box)
—— QHS
A QHShasmax0® DO p m m land shortest
z minf )DO p 1 |
31072
:
10560 265 275 280
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270
6 [deg]

275 280

A

Sofar,0 andi E({ ) areinversely
related

Follow field lines longer on higher
resolution mesh in narrow strike line region
to study differences in topological
structures

%o UL* (dashed white line) shown for a
limited poloidal range (white box)

QHS hasmax 0 DU p 1 1 land shortest
minG )DO pm i

Large island has longest 0 and shortest
min{ )

What is relationship between 0 and
min( )?
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" Z

Relationship between 0 andl E{ indicates different magnetic @
W

structures interacting with wall

A Power laws informative for field lines outside

¢=>5° LCFS and have been used in previous work to
104 . QHS describe chaotic behavior [1,2]
— ft " 5 .
103 ! A Assume:0  wmin( )2
a PH X TBIL W TP QTBITTT

< 102 A Recall: power scaling in previous slide
O
-~ 101

100_

10~1
1073 102 101

min(oy) [M]
[1] A.H. Boozer and A. Punjabi 2018 Phys. Plasmas 25 092505
[2] 3.D. Meiss 2015 Chaos 25, 097602
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" Z

Relationship between 0 and | Ef{
structures interacting with wall

indicates different magnetic (W)

A Power laws informative for field lines outside
LCFS and have been used in previous work to

describe chaotic behavior [1,2]

A Assume: 0
a P& X T U

@ming )2
W TEBIP ETBITT
A Recall: power scaling in previous slide

A Large island O with roughly constant min( ) of
D p T m means island intersection with wall

A Field lines close to separatrix have high O and
lowi Ef

¢=>5
104 v oy « QHS
v — it
103 v * large island
- 102,
S
9]
-~ 101
100_
Nt
10-L W
1073 102 1071

min(&y) [M]
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[1] A.H. Boozer and A. Punjabi 2018 Phys. Plasmas 25 092505
[2] 3.D. Meiss 2015 Chaos 25, 097602
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F1 el d

differently than other mag

QHS

Large Island

24

Z [m]

Z [m]

0.0

0.0

-0.1

-0.2

il A

1,35

1.40 1.45

0.100

0.050

0.001

0.100

o
o
a
o

0.001

min(6y) [m]

min(6y) [m]

|91 hewdt min(an 1 sl
netic structures

A Far SOL region:
AT Ef islong
A 0 is short

A Within an islandés cl

A min(y ) is roughly constant

A 0 islong

A A deviation from power law relationship
indicates island PWI resonant feature

A Along separatrix and LCFS:
A min(y ) is short
A 0 islong

f College of Engineering

:‘\ ‘; UNIVERSITY OF WISCONSIN-MADISON

September 24th, 2025



Outline

A Examine complex plasma edge features on plasma wall interaction (PWI) optimized and highly shaped
geometry of Helically Symmetric eXperiment (HSX) [1]

A Simulate magnetic footprint with a lofted vessel wall across 4 different edge magnetic configurations:
resilient behavior includes the large island configuration (previously not observed [2])

A Introduce new metric for further quantifying plasma-wall behavior: used an empirical power law scaling
to differentiate between island or other magnetic structures interacting with wall

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
[2] A Bader et al Phys. Plasmas 24, 032506 (2017)
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Outline

A Assess plasma edge transport in HSX for detachment access

A Use EMCS3-EIRENE code for an initial scoping study of detachment in QHS configuration

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
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Plasma edge transport with EMC3-EIRENE

A Field line tracing used for analyzing edge

Magnetic field model Divertor geometry Model : magnetic structure and as a proxy for the
Equilibrium field: ¢ parameter target heat and particle flux A need to
geqdsk, sonnet, ... FUARE ’;)up Or Lgas model plasma edge transport
Vacuum RMP field: | Field line tracing & analysis Duf el il o _ _
Coil geometry —— | ’ ¢ : A Braginski equations solved while
+ Biot Savart 3D finite flux tube grid keeping momentum, mass, and source
Plasma response: EMC3  Edge plasma < Sources/Sinks terms fixed
M3D—C1, MARS—F, FIUld mOdel Sp; Sm7 Seea Sei
A UY,°Y, Y, Y are particle, momentum,
>
rate coefficients (ov), (AE ov) and energy sources terms from neutrals
Plasma data EIRENE Neutral gas EIRENE
Atomic & Molecular data UL T | Kinetic modal ( )
AMJUEL, HYDHEL, ADAS e

A Iterate between EMC3 and EIRENE for
H. Frerichs et al Nuclear Materials and Energy 18 (2019) 62-66 self consistent solution
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. . . . e
Let 6s examine practical diver t{Wr

A0 m v—h... .. T18& v— with total input power v 1t 1t Hof QHS
configuration (input power/volume 10x greater than W7-X)

350 4

300 +

¥}
w
(=]

« A Resilient strike line feature qualitatively agrees with FLARE strike
s points

theta [deg]
M
[=]
=

=
n
[=]

o A Perform an upstream density ¢ scan to reduce target heat flux 0
| Ad

=
[=]
=

Ln
o
| L

o

0 5 10 15 20 25 30 35 40 45 120 *A
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@College of Engineering
28 EFTC Aix-en-Provence, France i September 24th, 2025 e e e PN T



. . . . e
Let 6s examine practical diver t{Wr

29
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A0 m v—h... .. T18& v— with total input power v 1t 1t Hof QHS
configuration (input power/volume 10x greater than W7-X)

102

« A Resilient strike line feature qualitatively agrees with FLARE strike
s points

o A Perform an upstream density ¢ scan to reduce target heat flux 0
| Ad

10 1201 . A

100

102

~97% reduction
80 A thermal detachment

60

101

Q¢ [MW/mz]

40

O ]

20
100 B
0l | | ‘ —

2.5 5.0 7.5 10.0 12.5

n, [cm -3 ] lel3
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Assessment of overall power balance aligns with target heat @
W/

flux reduction
A0 ¢ ®E7 (v nE7 entire device)

Ab 0O 0O 0O 0 0

30 EFTC Aix-en-Provence, France i September 24th, 2025



Assessment of overall power balance aligns with target heat (d?
W/

flux reduction

A0 ¢ ®E7 (v nE7 entire device)

Ao [0 0O 0 | 0 O

A 0 and0 are power losses across and along
field lines, respectively, related to grid
misalignment

A 0 ignored, no simulated impurities
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Assessment of overall power balance aligns with target heat

flux reduction

A0 ¢ ®E7 (v nE7 entire device)

Power Balance

5 5 5 5 5 5 P
AU 0 0 0 0 0 60 P
9.83 11.5 PT
- - 15.6 s PNG
A 0 andU0 are power losses across and along o 1
field lines, respectively, related to grid N .
misalignment w02
40_ . 43.5
A 0 ignored, no simulated impurities :
Q. 30 | 46.7 210
A 0 (power to target) reduction corresponds with s
0 and aligns with heat flux detachment 20 N
A 0 (power due to interactions between plasma 1
and neutral gas) accumulation indicates some
density build-up relevant for particle exhaust A 111111 os ase e acs
2 3 4 5 6 71 8 10 12 14 16
n, [em™3] lel3
A A particle exhaust is the next outlook for
assessment of NRD divertor performance
@College of Engineering
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Outline

A Assess plasma edge transport in HSX for detachment access
A Use EMCS3-EIRENE code for an initial scoping study of detachment in QHS configuration: heat flux

detaches from the wall and target particle flux must be examined further for NRD divertor
performance

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
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Outline

A Conclusions and open questions

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
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Conclusions and open questions

A Complex optimized configuration of HSX with lofted wall showed [1]:
A Resilient behavior includes the large island configuration (previously did not observed [2])
A Introduced ametrici E{ to quantify field line radial penetration of LCFS

A Empirical power scaling law between 0 and | E{ helped distinguish between island and other magnetic
structure PWI

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
[2] A Bader et al Phys. Plasmas 24, 032506 (2017)
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Conclusions and open questions

A Complex optimized configuration of HSX with lofted wall showed [1]:
A Resilient behavior includes the large island configuration (previously did not observed [2])
A Introduced ametrici E{ to quantify field line radial penetration of LCFS

A Empirical power scaling law between 0 and | E{ helped distinguish between island and other magnetic
structure PWI

A Initial scoping study of detachment in QHS:

A Heat flux detaches at the target and particle flux detachment must be studied further to assess if NRD
can access full detachment (ie high-recycling) to be a practical divertor solution

A Other stellarators (W7-X, W7-AS, and LHD) do not exhibit high-recycling [3], but placement of
baffling structures to ficloseo the LHD divertc
exhaust [4]

[1] K.A. Garcia et al 2025 Plasma Phys. Control. Fusion 67 035011
[2] A Bader et al Phys. Plasmas 24, 032506 (2017)

[3]1Y Feng et al 2011 Plasma Phys. Control. Fusion 53 024009

[4] G. Motojima et al 2018 Nucl. Fusion 58 014005
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Open questions

A EMCS3-EIRENE plasma profiles follow island structure (see Mach number)

A Lack of high-recycling in other stellarators was due to momentum losses from counter-streaming flows [2].
Does the complex magnetic structure in HSX (and NRDs in general) also suffer from intense momentum loss?

0.8
103

~1 Mach number

0.6

0.4

2 -20
10 0.2

Z [cm]
Z [cm]

0.0 =

-25

Connection Length [m]

-0.2

=
o
-

-30

130 135 140 145 130

R [cm]

100 [2] Y Feng et al 2011 Plasma Phys. Control. Fusion 53 024009

@College of Engineering
38 EFTC Aix-en-Provence, France i September 24th, 2025 e e e PN T



Future work and open questions

A

T>

T T

39

CTH: Qualitative agreement in ongoing work to experimentally verify strike line behavior [1]

HSX: EMC3-EIRENE plasma profiles follow island structure (see Mach number)

A Needed grid improvements to resolve complex magnetic structure, but diffusion values may also be a source
of differences

A Lack of high-recycling in other stellarators was due to momentum losses from counter-streaming flows [2].
Does the complex magnetic structure in HSX (and NRDs in general) also suffer from intense momentum loss?

W7-X: ACYMo configurations experimentally operated ir

In other optimized stellarator configurations, deeper plasma transport analysis is hecessary to assess if NRDs can

achieve detachment

A For example: Simulation of neutral [4] and impurity behavior to improve divertor performance

A Need to identify mechanical structures for physical design of NRDs, which also can help improve divertor
performance

[1] N. Allen et al APS DPP 2024 (Poster)

[2] Y. Feng et al 2011 Plasma Phys. Control. Fusion 53 024009
[3] D. Boeyaert and A Kharwandikar (Private Communication)
[4] D. Boeyaert et al 2025 Nucl. Mater. Energy 42 101874
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Axisymmetric (2D) divertor description

Divertor domains: < o Poloidal Cross Section
| | o <|s™
A Main confined plasma = closed field lines MR
A Separatrix = separates 2 domains
(divertor defines Last Closed Flux Surface (LCFS)) SOL '
A Scrape-off layer (SOL) is comprised of open field lines Pll‘aﬂiza
A X-point (null point defined by divertor)
A Private flux region (PFR) between divertor target and X-point
and def idivedadlegs v 0 :
Separatrix
- _ (LCFS)
A Gray arrows indicate energy and particle flow
A \
Target
éﬂ;ﬂfi Ef\)rc8J?7Y. Feng et al 2006 Nucl. @ College of Engineering
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Non-axisymmetric (3D) divertors in stellarators

41

Not toroidally symmetric
Single-null extended to multiple-nulls
Increased SOL transport complexity by applying

resonant perturbation to magnetic field and forms
islands chains with X and O-points

EFTC Aix-en-Provence, France i September 24th, 2025

Stellarator

multi null

ﬁTji?e

SOL

Separatrix
(LCFS)

Target

Adapted from Y. Feng et al 2006 Nucl. Fusion 46 807

College of Engineering
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Non-axisymmetric (3D) divertors in stellarators

42

Not toroidally symmetric
Single-null extended to multiple-nulls

Increased SOL transport complexity by applying
resonant perturbation to magnetic field and forms
islands chains with X and O-points

Field lines of islands in SOL guide particles and energy
to targets

Gray arrows indicate energy and particle flow

A Cross-field transport:
plasma core A SOL
SOLA PFR

A Parallel transport:
SOL A Targets

EFTC Aix-en-Provence, France i September 24th, 2025

Stellarator

multi null

ﬁT{?e

SOL

Separatrix
(LCFS)

Target

Adapted from Y. Feng et al 2006 Nucl. Fusion 46 807
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Modeling workflow

A FLARE and EMC3-EIRENE require magnetic field and boundary information
A For stellarators like HSX and W7-X with small pressure and current effects, use vacuum field approximation

A CTH equilibria are ohmically driven and have internal plasma current. Generate magnetic field:
A Variational Moments Equilibria Code (VMEC) [1] provides magnetohydrodynamic (MHD) solution
A Use BMW [2] code for magnetic field outside of LCFS:

A Magnetic potential (& calculated outside LCFS and added to Biot-Savart contribution from coils:
(@ (42 @ )
A Magnetic field derived from: ~ & 8

A Field line following with Field Line Analysis and Reconstruction Environment (FLARE) [3] which is less
computationally expensive for proxy of heat and particle flux and useful for analyzing topological features in the
plasma edge

A Plasma edge transport behavior calculated with EMC3-EIRENE [4] which is a Monte Carlo plasma edge fluid
code coupled to a kinetic neutral code

[1] S.P. Hirshman and D.K. Lee 1986 Comput. Phys. Commun. 39 161i 72
[2] M.R. Cianciosa et al APS DPP 2016 (Poster)

[3] H. Frerichs 2024 Nucl. Fusion 64 106034 @

[4] Y. Feng et al 2004 Contributions to Plasma Physics 44 571 69 2 3
College of Engineering
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Lofted vessel wall allows for extended divertor studies

Large Island

(b) -
PAVIREEHI AN
}‘.‘)" . 3 R RSN
o 103
e 107_
E E
N Q
N ~J
101
1 : e 100
1.35 1.40 1.45 1.35 1.40 1.45
R [m] R [m]

College of Engineering
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44 EFTC Aix-en-Provence, France i September 24th, 2025



Island location and size varies between cases and features

chaotic substructures
Large Island

QHS

_103

_103
4/4 island chain

0.31 8/7 island chain 0-3]

0.1

Z [m]

—0.11 —0.14

14 15 16

1.2 1.3 1, .
R [m]
@College of Engineering
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Island location and size varies between cases and features

chaotic substructures

QHS Large Island

0.3
103 103
102 102

e E
101 101
100 100
1.2 1.3 1.4 1.5 1.6

R [m]
A Focus on regions near wall to examine field line behavior details
@College of Engineering
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Edge features scanned across rotational transform

1.25| =—— TEM
[ = QHS
1.20+ —— small island
— large island
115 e e . 8/7

1.46 1.48 1.50 1.52

47 EFTC Aix-en-Provence, France i September 24th, 2025

A Rotational transform calculated up to LCFS

A Consider different magnetic structure and
examine field line interaction with wall

A TEM [1] is high iota configuration

A OHS and Small Island feature 8/7 island chain in
the edge

A Large Island features smallest plasma volume

and 4/ 4 1 sl and c¢ h a divertoror
like configuration)

[1] M.J. Gerard et al 2023 Nucl. Fusion 63 056004
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Island location and size varies between cases and features @
W

chaotic substructures

— A Simulated 0 shows different topological structures
i | e with high 0 in the plasma edge guiding heat and
particle flux on PFC

102

A OQHS and small island show the impact of 8/7
island location where QOHS features collimated flux
ok tubes and small island has X-point near wall

Z[m]
Z[m]
Lc [m]

'J.. A Smallisland has no confined field lines within the
1.35 1.40 1.45 1.35 1.40 1.45 8/7 island and QHS does

R [m] R [m]

@College of Engineering
48 EFTC Aix-en-Provence, France i September 24th, 2025 S e e I P



chaotic substructures

Island location and size varies between cases and features @,’)
W

Z[m]

Z[m]

1.35 1.40 1.45 1.35 1.40 1.45
R [m] R [m]
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103

102

Lc [m]

10!

10°

103

102

Lc [m]

10!

10°

Simulated 0 shows different topological structures
with high 0 in the plasma edge guiding heat and
particle flux on PFC

QOHS and small island show the impact of 8/7
island location where QOHS features collimated flux
tubes and small island has X-point near wall

Small island has no confined field lines within the
8/7 island and OHS does

Large island shows open field lines around 4/4
island location

TEM has largest plasma volume with no
discernable islands (many islands overlap for
chaotic region)

Different ~ locations will also intercept
different topological structures @

College of Engineering
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Magnetic footprint near lofted wall is resilient

QHS Small Island

Connection length Connection length

~0.5 cm inward of the lofted wall for half-field
period

O [deg]
O [deg]

A High 0 regions align with expected strike

N A Field lines sampled on high resolution mesh
—
_—— points as a proxy of heat and particle flux

0 15 30 45 0 15 30 45
o [deg] ® [deg]

A Previous results indicated large island did not

Large Island TEM
contribute to resilient strike line [1]

Connection length

103

A Differences across the 4 configurations are due
to the different structures (islands, manifolds,
etc) in edge connecting to PFC

102

O [deg]
O [deg]

10°

10t [1] A Bader et al Phys. Plasmas 24, 032506 (2017)

0 15 30 45
o [deg] o [deg] @College of Engineering
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Map of min( ) near lofted wall is also resilient

QHS Small Island
360 Radial connection _ 360 me Radial connection 0.150
. . . A min{ ) simulated for field lines launched on
. . E same mesh as magnetic footprint
o 15 g
120 120 oo A Regions of high 0 associated with field lines
' with min( ) 1@®cm (closest penetration to
LCFS)
T - 15 70[deg] 30 a5 % 15 o t6ea) 30 45 - 0001
Large Island TEM A Plots look very similar to one another and highly
o Radial connection S— Radial connection o150 resemble magnetic footprint
_—
A Basic metrics calculated in the plasma edge
240 240 e show qualitatively similar features near the
g g 3 vessel wall across different configurations
o] (o} £
120 120 0.050E
% 15 30 a5 % 15 30 45 - ot )
© [deg) ® [deg] f College of Engineering

:'” y ': UNIVERSITY OF WISCONSIN-MADISON
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Magnetic Configuration Differences are in Details of U

and min( )

10* — TEM A Follow field lines longer on higher resolution
Lo el island mesh in narrow strike line region to study

—— large island differences in topological structures

A % Uu* (dashed white line) shown for a limited
poloidal range (white box)

Lc [m]

10!

10°

A TEM and large island have longest 0 and
shortest min( )

1071

0.150

A OHS and smallisland max 0 D0 p Ttm)

0.100

in(6y) [m]

A What is relationship between 0 and min{ )?

0.050

min(&y) [m]
2

— TEM
— QHS

~10.001

—— small island
- |arge island
1073
260 265 270 275 280

0 [deg]

FCollege of Engineering
:‘\ o ‘; UNIVERSITY OF WISCONSIN-MADISON
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Relationship Between 0 and | E 1

Shows Different PWI

A Power laws informative for field lines outside

$=5° LCFS and have been used in previous work to
104! . describe turnstile behavior [12]
. - TEM
.. - QHS A Assume:d  omin{ )2
103 P small island a P& p T8I C W T8 T QT TTX
® o - flt . .
. _ A Small island has best fit of power law
E 102 large island
--EiJ 101_
100,
10-1 $v
10_3 _10_2 10_1 [12] A.H. Boozer and A. Punjabi 2018 Phys. Plasmas 25 092505
min(éy) [M]
@College of Engineering
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Plasma edge transport with EMC3-EIRENE

Magnetic field model Divertor geometry Model _ _ _ _ _
Equilibrium field: v parameter | R Field line tracing used for analyzing edge magnetic
geqdsk, sonnet, ... FLARE ?;P or Lgas structure and as a proxy for the target heat and
Va%uglm RMP field: 7 Fieldline tracing & analysis | | particle flux A need to model plasma edge transport
+%iogte§§\',2trrty ¢ 3D finite flux tube grid ]
e e EMC3  Edge plasmal . SCUrcesSinks A Solved_whlle keeping momentum, mass, and source
M3D-C1, MARS-F, ... . N terms fixed
Fluid model
rate coefficients (ov), (AE ov) VAR " " :
o asmadaa | EIRENE Neuralgas | | 7+ Y+ Y.V .7Y fare partlclei nzng]QeEnliluEn)L and energy
tomic & Molecular data > Kinei sources terms from neutrals
AMJUEL, HYDHEL, ADAS et AN

H. Frerichs et al Nuclear Materials and Energy 18 (2019) 62-66

V. (niVyb—D;bib, - Vn;) =S, mass conservation

Vo (minVyyVyyb —nbb-VVy — D;b;b; - Vm;n;V;) = —b - Vp+ 5, momentum conservation
IVl | [ |

=4 =4

V. (%neTeV}”b—Hebb VT, — %TeDiblbL -Vne—xenebi by - VT,) = —k(1.—1T;)+ S.. energy conservation (electrons)

3

V- (%'fijfViHb—H.,-bb VT, — éTiDijbJ_ - Vn;—xinb, b, - VT;) = +k(T.—1T;)+ S.; energy conservation (ions)

College of Engineering
UNIVERSITY OF WISCONSIN-MADISON

Y. Feng et al 2004 Contributions to Plasma Physics 44 571 69 @
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Detachment is assessed via downstream quantities

A Need to model edge plasma transport to assess impact of magnetic
130 structure on SOL behavior:
A Plasma profiles (temperature “Y density £, Mach number 0 , etc)

A Detachment access
Afddetacho = notA importahifor edutingc o n
heat and particle load to the divertor

120

Ted (eV]

Tig

A Left figure shows downstream (target) ¢ and Y as a
{10 function of upstream (separatrix) density &€

At shows detachment firoll over

from A A

20 T T
o o o
o @
7o
15+
A AA ... \
—-- ‘
S
- ~
'-"E Ted \\A - Ned L]
< \ 4 .
2 10 N\ ]
- T. : 7
& TRl 4
N\ ‘
. 1 ‘.Q
°
05+ K.A of Q‘
;?’aé',_ Ay
© ./A. § A “‘QA
/ A a~.
YY1
0 . . 1 L 1 1 _—
0 1 2 3 4 5 6 7 8

A, (10" cm¥)

Adapted from Y. Shimomura et al 1983 Nucl. Fusion 23 869

55

A Recycling is the process of neutrals (generated from the
recombination of electrons and ions recombining at the PFC)
becoming ionized in the plasma and returning to the PFC

@College of Engineering
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Downstream trends combined with heat and particle flux

suggest only detachment of heat fux

y
— 6] A Highrecycling: ¢ © & [1]
%’4' \ . .
| \Angh recycling not 1251
observed 100
E
A Heat flux detaches butthe = 73
1 temperature (D2eV) isnot = 50|
sl low enough for volumetric ~ ©
e recombination 2>
0.4
o2 < No volumetric particle
sourcing A particle flux
40/ T remains attached
%30-
~ 20
104
ol , , ‘ . - - ° [1] M. Keilhacker and ASDEX Team 1985 Nucl. Fusion 25 1045

56 ny [em™] 1elg=TC Aix-en-Provence, France i September 24th, 2025

Max(L )
A
B
2.5 5.0 75 10.0 12.5
n.. fem=31 lel3
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Resilient heat flux deposition observed on lofted wall

A Ne =2e13 cm~3
350 - , - . . =
I AO 1™ uv—nh.. T u— with total input power v 1t Tt Hof
300 il s _ .
O QHS configuration
25017 100
g2 T A Perform an upstream density ¢ scan and examine trends
= 150 S
oo PP A Resilient strike line feature qualitatively agrees with FLARE
1072 ; :
. strike points ne = 2613 m>
350 -
101
0 10-3 O backward
300 ~
ne =20e13 cm~3 - "‘-;,:,-\’}f*;.e_ s I
350 101 250 '*-’ E_ 100
300 ﬁ‘ | T 200 s
250l 10° s 150 107 &
200 s 100 -
& 101§ 1072
150 50 4
o 107 °0 5 1o B 20 25 3 3 40 45 10
50 ¢ [deg]
% 5 10 15 20 25 30 35 4o 45 1o~ @College of Engineering
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Mapping surfaces at zone boundaries can lead to

misalignments
A 4-fold symmetry A simulate half field period %8 T1¢ht 6 (1/8 of device)

A Due to complex shape/curvature and mixing of short and high O flux tubes in
chaotic regions need to split domain for better magnetic field representation of grid

A Split into 5 zones where each zone covers

Magnified Overlap at ¢ =9°

45.0 1 . T TR 7L C 7
. s ~ - 42.5 KR i I sl %0, '
A Zone resolution: ¢ p Xhe Tmihe pr L !f e s
zone: 0, toroidal index: 10, ¢=9° zone: 1, toroidal index: 0, ¢ =9° 40.0 7 SRR AL ‘m IR gy
‘ [ T i T
50 - 37.5 SRR AT T
% (LAY l

991 E 35.0 -

30 - N :
32.5

20 A a5 2=

£ £ 30.0 {A
;\_l‘ hN‘ 307 CEAD A

27.5 Foo o

B 115 120 125 130 135 140 145 150

-20 R [cm]

-30 T T T -30 T T T
120 140 160 120 140 160
Ailem] A:Lem] WCollege of Engineering
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Values within deposition regions are most likely

undercalculated
Power Balance
60_ 9.25 PRL
7 18 Ps;
15.24 s Pr o ~ ~ = ~
2 0.29 0.57
] 20 0.19 2.25
g e 14.3
:30- 10.8
A Initial attempt with lofted wall to examine plasma
-~ transport without any added mechanical structures
o = A Power lost to mapping surfaces could mean:
A Missing regions of deposition (but corresponds with
|l B FLARE strike points)
SR e S O A A Values within deposition regions are most likely

undercalculated
A 0 and0 are used for post-processing on target

@College of Engineering
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Large island has similar power losses

Power Balance A Same fixed input power as QHS, no
PaL impurities, and varying upstream density
60 | Pst
Pr
16.76 PNG -
t Ap# |
2 0.17 0.23
40
3 0.14 0.33
2
:30_ 341
20+ 18.1
10+
0 0.I76 1.?7
2 3
ny [em™3] lel3
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location

Detachment processes along upstream to downstream @
W

A Need to model edge plasma transport to assess impact of magnetic
structure on SOL behavior:
A Plasma profile (temperature "Y density &, Mach number 0 , etc)

PsoL A Detachment access
S Afddetacho = not in direct cont
onduction.zone ~ A
% o 28®P0 oV A Compare nu*streamo * V'S

A Left figure shows temperatures in SOL required for achieving
different physical processes during detachment

Radiation zone _ _ _
Te ~ 10 eV A Reference [1] differentiates between energy, momentum, and particle
/ detachment in tokamaks
A Energy detachment (also referred to as thermal detachment) is
Ionization zone related to target heat flux
Te~SeV A Momentum detachment with reduced patrticle flux (reduced
Neutral friction zone momentum)
Te~2-5eV A Particle detachment connected to recombination events (particles do
Recombination zone not interact with the PFC)
Te~1eV

Adapted from Dieter Boeyaert et al 2025 Nucl. Fusion 65 106029

College of Engineering
UNIVERSITY OF WISCONSIN-MADISON

[1] AW Leonard 2018 Plasma Phys. Control. Fusion 60 044001 @
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Detachment processes along upstream to downstream

location

A Radiation zone: radiating impurities at X-point reduces plasma
temperature as plasma enters divertor region

PsoL A lonization zone: plasma temperature determines where neutral ionization
occurs
Conduction.zone
Te.n2307 50 eV A NEUENTCHORIZORE : friction between increased neutral density and
e plasma flow toward target A plasma particles lose parallel momentum
adiation zone ; ~ )
To ~ 10 eV (hel ps trigger nAroll over o)

/ A Recombination'zone: volumetric recombination of incoming ions to target

and particle flux Nndetacheso

Ionization zone
Te n 5 eV

_— A Processes depend on plasma temperatures and densities along path to
Neutral friction zone

T 5 % Sl occur

Recombination zone
Te~1eV

Adapted from Dieter Boeyaert et al 2025 Nucl. Fusion 65 106029

@College of Engineering
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Momentum transport

(a) 2D axi-symmetric divertor

Pressure conservation along flux tube

Divertor plate Divertor plate
o { -V
£° - )

o — SOoL _—

=

@© Oré

poloidal

(b)

3D configuration (e.g. stochastic layer, ID)

//[-Momentum loss due to counter flows

Divertor plate Divertor plate

»
>

radial

poloidal

[1] M. Kobayashi et al 2015 Nucl. Fusion 55 104021
63

A Particles are accelerated along open field lines
toward the target due to pressure gradient

A Magnetic structure dictates separation of flow
channels [1,2]:

A Close flow channels can lead to momentum
exchange

A Resulting friction force must be balanced by
pressure gradient force

A Leads to increase in ratio of
upstream/downstream pressure

[2] Y Feng et al 2011 Plasma Phys. Control. Fusion 53 024009
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Momentum transport

A Particles are accelerated along open field lines
toward the target due to pressure gradient

region
T

Magnetic structure dictates separation of flow

channels [1,2]:

, A Close flow channels can lead to momentum

Divertorpates exchange

A Resulting friction force must be balanced by
pressure gradient force

) A Leads to increase in ratio of

upstream/downstream pressure

Laminar Stochastic

region

poloidal 0 Outermost boundary

Flux surface
(magnetic island, opened) LCFS

/_-L;K"r A 3 (solid gray) and 3 (dashed gray)

/. ‘ O\ A Divertor location and geometry also influences
radial r n Y ¥ n 'Y transport

Divertorplates

[2] Y Feng et al 2011 Plasma Phys. Control. Fusion 53 024009

Poloidal 0

Adapted from [1] M. Kobayashi et al 2015 Nucl. Fusion 55 104021 @College of Engineering
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Lobe structures form from perturbed orbits

A Field line trajectories are a Hamiltonian system

A 1 poloidal flux
O A [ toroidal flux i canonical momentum
A —i canonical position

A %ol canonical time

(b)
(i) A Top row: unperturbed orbits

(a)

A Bottom row: perturbed orbits
A Dashed/solid are stable/unstable invariant manifolds
(trajectories followed forward/backward)

A Lobe structures formed from oscillations about
separatrix

A Overlap of manifolds for single null: homoclinic tangle

m A Overlap of manifolds for multiple nulls: heteroclinic
(1 tangles
D Beigie et al 1991 Nonlinearity 4 775 @College T —
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How the interior plasma connects to the PFC

A Magnetic field lines are a Hamiltonian system
A flux leaving = flux entering

A Turnstiles are incoming (towards the plasma
core) and outgoing (toward the PFC) flux
tubes which deposit particles from the core to

the PFC [1]
A Term coined by [2] to describe transport

Figure 9. The invariant lobe structure in £*0=° for the top half of the time-periodic Ove across cantori (partial barriers to transport)

flow.
other lobes preserve under P, their orientation relative to the core boundary. ) .
Borrowing the terminology from MacKay et al (1984), we refer to the lobes between A Outside the LC FS, there can be many cantori
p.and P;'(p.) as turnstile lobes. We assume that each turnstile lobe and its image is that field lines interact with until they percolate

D Beigie et al 1991 Nonlinearity 4 775 through and connect to PFC

[1] A. Punjabi and A. H. Boozer Phys. Plasmas 29, 012502 (2022)
[2] Mackay R.S., Meiss J.D. and Percival I.C. 1984 Physica D 13 55i 81
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Processes in EIRENE

67

A

A

A

A

(

(

(

(

(

o ¢ A (

OA(
o ¢ A (

( °

OA(
AO (

( ©(

° (

(

¢ A

0’

jonization

dissociation A & Default atomic and molecular processes included in
EIRENE
lonizing dissociation
A Recombination relevant when <leV
recombining dissociation

A More processes could be included for more detailed
dissociation analysis
ionization
charge exchange
recombination
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Processes in EIRENE

68

A

A
A

A

(

A

(

(

(

(

o ¢ A (

oA(
o ¢ A (

(

oA(
Ao (

( °(

(

¢ A

lonization
dissociation
lonizing dissociation
recombining dissociation
dissociation
lonization
charge exchange

Stangeby, P.C. (2000). The Plasma Boundary of Magnetic
Fusion Devices (1st ed.) 10.1201/9780367801489
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